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a b s t r a c t
Over the last several years a number of studies in both humans and animals have sug-
gested that the orbitofrontal and ventrolateral prefrontal cortices play an important role
in generating ﬂexible behavior. We suggest that input from these brain regions contribute
to three functions involved in generating ﬂexible behavior within social contexts: valua-
tion, inhibition, and rule use. Recent studies have also demonstrated that the prefrontal
cortex undergoes a prolonged course of maturation that extends well after puberty. Here,
we review evidence that the prolonged development of these prefrontal regions parallelsdolescence
motion
fﬁliative
a slowly emerging ability for ﬂexible social behavior. We also speculate on the possibility
that sensitive periods for organizing social behavior may be embedded within this devel-
opmental time-fame. Finally, we discuss the role of prefrontal cortex in adolescent mood
and anxiety disorders, particularly as orbitofrontal and ventrolateral prefrontal cortices are
engaged in a social context.Published by Elsevier Ltd.
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1. Introduction
One of the most challenging calculations that social
animals have to make is how (or whether) to interact
with another individual. In contrast to many inanimate
objects, whose properties and value are relatively constant
across all representations of the class (e.g., a banana is a
banana), the value of social stimuli are orders of magni-
tude more variable from one individual to the next. This
value depends on many factors that are intrinsic to the
individual. For example, factors such as relative domi-
nance status, the group or subgroup towhich an individual
belongs, and past experience can all critically impact the
relative value attributed to another person (or animal).
Furthermore, even within an organism, social signals are
constantly changing. For example, the same individual can
convey both solicitous and threatening signals, can provide
access to different resources at different points in time, and
can be in various phases of the sexual reproductive cycle. In
addition, all of the information about the relative value of
another personmust be integrated with the internal states
of the evaluating individual in generating social behaviors
(e.g., engaging someone in a conversation, asking someone
out on a date), which are also under a constant state of
ﬂux. Finally, if a decision is made to engage with another
organism, the manner in which the other individual is best
approached may also vary depending on a number of fac-
tors such as dominance, gender, and context. Thus, given
that social contexts and internal states are ever changing,
dynamic, and complex for organisms like humans, a great
deal of ﬂexibility is required for engaging in competent
social behavior.
In this review, we argue that ﬂexibility in social behav-
ior is a critical component of social interaction, and like
other forms of cognitive ﬂexibility, this is largely carried
out by circuits located in prefrontal cortex (PFC). While
the PFC mediates ﬂexible behavior in a variety of domains
besides social interaction, ﬂexibility is a particularly impor-
tant aspect of smooth and competent social behavior; thus,
the social domain is the primary focus of this review. Social
ﬂexibility differs mainly from other forms of ﬂexibility
(such as motor inhibition) not in the PFC per se, but in
the regions with which PFC interfaces. As we propose in
greater detail below, social behavior is the culmination
of input from dedicated sensory and perceptual systems
(e.g., fusiform face area and superior temporal sulcus) that
is integrated with input from more general regions dedi-
cated to affect (e.g., amygdala and ventral striatum), and
executive function (e.g., prefrontal cortex) (Nelson et al.,
2005). Here, we focus speciﬁcally on three executive func-
tions that have been attributed to the ventral prefrontal
cortex (VPFC): valuation; inhibition; and rule acquisition.
We targeted these speciﬁc functionsbasedonﬁndings from
behavioral, lesion, andneuroimaging studies that implicate
these functions with VPFC engagement in social contexts.
As such, the purpose for this review is threefold. First,
we aim to provide a brief overview of the literature which
relates valuation, inhibition, and rule use to the VPFC; sec-
ond, we seek to demonstrate how these relatively abstract
executive functions might participate in social ﬂexibility;
and third, we propose that the developmental course oftive Neuroscience 1 (2011) 233–245
these functions inﬂuences the maturation of ﬂexible social
engagement. Our ultimate goal is to provide a framework
for the interpretation and prediction of neurobiological
and behavioral manifestations of the maturation of social
behavior. Finally, we end with a discussion of the role of
VPFC engagement in adolescent mood and anxiety disor-
ders, particularly in response to social context.
While some conditions involving limited ﬂexibility in
social-emotional functioning, such as autism, are clearly
relevant to the construct of social ﬂexibility, they will not
be a focus of this review. Certainly, a number of cognitive
functions likely underlie social ﬂexibility such as perceiv-
ing social others, having theory of mind, being able to
self reference, and monitoring expectations. These aspects
of ﬂexibility implicate a distributed network of regions
outside of the VPFC, including the paracingulate cortex,
dorsal medial prefrontal cortex, dorsal anterior cingulate
cortex, superior temporal sulcus, tempo-parietal junction,
and temporalpoles.Whileweacknowledge the importance
of these neural networks for social ﬂexibility, we do not
focus on these speciﬁc cognitive processes in this review.
Rather, we concentrate here on the ventral regions of the
PFC and distinguish three cognitive regulatory processes –
valuation, inhibition, and rule use – that are linked to emo-
tion in social settings. Readers are referred elsewhere for
excellent empirical evidence and theoretical discussions of
the role of the dorsal and medial PFC regions in develop-
mental social cognitiveneurosciencewritings (Amodio and
Frith, 2006; Blakemore, 2008; Gallagher and Frith, 2003;
Moriguchi et al., 2007; Pelphrey et al., 2004; Pfeifer et al.,
2007; Wang et al., 2006).
2. Anatomical portrait of the VPFC
Within the VPFC, the orbitofrontal cortex (OFC) occu-
pies the ventral ﬂoor of the prefrontal cortex and receives
input from the mediodorsal thalamus among many other
regions (Kringelbach and Rolls, 2004; Price, 2007). Based
on detailed anatomical studies of both human and non-
human primates, Price has broadly construed the OFC as
comprising two distinct functional networks, the orbital
and the medial networks. The orbital network is primarily
located in the lateral and caudal areas of the OFC, whereas
the medial network is mainly situated in the medial por-
tion of the OFC. The lateral OFC network as designated by
Price is densely innervated by sensory systems, whereas
themedialnetwork is interconnectedwith limbicandother
emotion-related regions such as amygdala, ventral stria-
tum, anterior cingulate and periaqueductal gray (Barbas,
2007; Carmichael and Price, 1994; Kringelbach and Rolls,
2004; Price, 2007). Although Price considers the limbic
network part of the medial OFC, this region also includes
extreme lateral and caudal regions such as Brodmann area
47 (andWalkers area 12 in themonkey) in this designation.
Others have restricted the designation of OFC to medial
regions and excluded the caudolateral region (Blair, 2007;
Izquierdo et al., 2005; Murray et al., 2007). We refer here
to the OFC as including the medial portion of the OFC. We
also subsume what Price refers to as lateral or sensory OFC
(includingBA47) as part of the ventrolateral prefrontal cor-
tex (vlPFC), which includes both the lateral portions of the
E.E. Nelson, A.E. Guyer / Developmental Cogni
Fig. 1. Schematic depiction of the ventrolateral prefrontal cortex (vlPFC
in green) and orbitofrontal cortex (OFC in red) regions of the VPFC that
contribute to the development of social ﬂexibility. Inhibitory control and
rule use are controlled by the vlPFC, whereas computation of expected
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rom Davidson et al. (2000). Reprinted with permission from AAAS.
rbital gyrus and the inferior frontal gyrus. Like the OFC,
he vlPFC is bi-directionally innervated by limbic struc-
ures such as the amygdala, but also has strong connections
o other areas such as the inferior temporal cortex, hip-
ocampal complex, and dorsolateral PFC (Petrides, 2005;
akagami and Pan, 2007). We will consider both OFC and
lPFC together as the VPFC (Fig. 1).
. Linking VPFC to social ﬂexibility
After a long period of neglect, the functional role of
he VPFC has received a fair amount of attention in recent
ears (Dolan, 2007; Murray et al., 2007). While the VPFC
as a well-established role in integrating response to emo-
ional stimuli with behavior, the exact role the VPFC plays
n this integrative process is still a matter of some debate.
e highlight here the main functions of the OFC and vlPFC
ithin the VPFC that may bemost relevant to guiding ﬂex-
bility in social behaviors.
Both the OFC and vlPFC play a critical role in the genera-
ion of appropriately ﬂexible patterns of behavior required
o display ﬂuid and competent social interaction under
arying conditions. This is particularly the case for the
omplex social behavior of humans and many nonhuman
rimates (Brothers et al., 1990; Dunbar and Shultz, 2007).
e propose that there are three speciﬁc aspects of social
exibility that are subserved by the VPFC, including: (1)
motional value computation; (2) inhibitory control of
ehavior; and (3) acquisition and generation of rule usetive Neuroscience 1 (2011) 233–245 235
under different contexts. By emotional value computa-
tion, we refer to the process of generating an expectation
of the emotional reward or punishment that will be pro-
duced by a speciﬁc stimulus. This expectation is generated
frombothpast experienceand the inherentbiological value
that has been imbued on a stimulus (e.g., food and repro-
duction) by evolution (Murray and Wise, 2010). Since the
expected emotional values of stimuli are constantly chang-
ing, valuation is constantly being computed and updated.
By inhibitory control of behavior, we refer to the capac-
ity to inhibit response tendencies that are irrelevant or in
direct contrast to one’s larger goals. In the course of engag-
ing with the world, many salient and provocative stimuli
are encountered that are either a distraction or poten-
tially even counter-productive to a larger ultimate goal.
Inhibitory control of behavior is the process of repressing
these tendencies (Casey et al., 2008; Dillon and Pizzagalli,
2007). By acquisition and generation of rule use, we refer
to learning the contingencies of behavior in different contexts.
As discussed in the opening paragraph, social stimuli and
social contexts are quite varied and each context can have
a unique set of behavioral contingencies (Bunge, 2004).
The OFC appears to be particularly important in gener-
ating current value computations while the vlPFC is likely
to be important for inhibitory control and rule acquisi-
tion. This dissociation is derived both from differential
patterns of activation observed in functional neuroimag-
ing tasks and from behavioral dissociations from lesion
studies. For example, in a recent study, rhesus monkeys
with orbital PFC lesions showed impairments in modulat-
ing their behavior as reward value ﬂuctuated, butmonkeys
with lateral PFC lesions only displayed aberrant behavior
if the ﬂuctuating reward size was combined with a delay
(Simmons et al., 2010). These results suggest a speciﬁc
role for OFC in establishing context-speciﬁc parameters
for value computation and for vlPFC in shifting or inhibit-
ing behavior tendencies across domains when integrating
multiple sources of information. Likewise, in a study of
marmosets, Rygula et al. (2010) reported deﬁcits in stimu-
lus reversal learning following medial OFC lesions. Deﬁcits
were also observed following vlPFC lesions but only when
new stimuli were used in the association, while reversals
using existing associations were unaffected. This pattern
is consistent with a role for OFC in value expectation
and for vlPFC in new rule acquisition because of new
stimulus sets. Similar regional PFC dissociations have also
been reported in lesion studies examining human social
behavior. Humans with lesions encompassing vlPFC report
having fewer stereotypes about gender than do people
with OFC lesions suggesting deﬁcits in the application of
socially constructed rules following vlPFC lesions (Gozzi
et al., 2009).
Many neuroimaging studies have found that both OFC
and vlPFC are readily engaged by social stimuli, particularly
those that areemotionally salient (Guyeret al., 2008a;Kalin
et al., 2007; Kim et al., 2007; Monk et al., 2008; Nitschke
et al., 2004; O’Doherty et al., 2003b; Rolls et al., 2008;
Winston et al., 2007) and a number of studies have exam-
ined the functional and structural development of these
regions (Crone et al., 2006; Geier and Luna, 2009; Gogtay
et al., 2004; Huttenlocher and Dabholkar, 1997; Steinberg
al Cogni236 E.E. Nelson, A.E. Guyer / Development
et al., 2009). In the next sectionswe discuss VPFC functions
applicable in generating social ﬂexibility and development
of these associations.
4. Functional overview of the VPFC
Within the VPFC, OFC lesions have long been known to
produce perseverative patterns of behavior (e.g., repeat-
edly performing the same actwithout reinforcement) (Dias
et al., 1996), which have led some to suggest that this
region facilitates response reversal and response ﬂexibility
(Rolls et al., 2008). Although similar processes have been
reported for sub-cortical structures such as the amygdala
and striatum, recent conceptualizations have argued that
the OFC speciﬁcally plays an important role in the more
sophisticated process of computing an expected value of
a stimulus, a process called valuation (Murray and Wise,
2010; Schoenbaum et al., 2009). While the OFC is not the
only region in the brain where expected valuation is gen-
erated, the OFC is thought to be particularly important
when this value computation must also integrate complex
sequences, response sets, or temporal dynamics (Murray
and Wise, 2010; Schoenbaum et al., 2009). In line with
this proposition, Rangel et al. (2008) put forth a com-
pelling framework for different valuation systems within
Pavlovian, instrumental, or goal-directed learning contexts
(Rangel et al., 2008). All three of these contexts likely play
an important role in social interaction, and the OFC likely
plays a key role in computing that emotional valuation
under all three circumstances. Thus, the OFC may interact
with regions such as the amygdala or striatum,wheremore
elemental stimulus–response contingencies are formed,
andwherebehaviorpatternsareexecuted, inorder toguide
behavior appropriately with respect to value expectations
within a complex environment.
Themore elemental stimulus-value associations gener-
ated in subcortical structures are thought to be integrated
and updated with other information within the OFC. Thus,
while a number of studies have shown that the OFC
responds to emotional stimuli of bothpositive andnegative
valence (Elliott et al., 2000; Murray et al., 2007; O’Doherty
et al., 2003a; Winston et al., 2007), recent studies have
shown clearly that one of the central functions of the OFC
is valuation or assigning a subjective value to a stimulus
based on the integration of a number of different fac-
tors (Murray and Wise, 2010; Padoa-Schioppa and Assad,
2006; Schoenbaum et al., 2009). Schoenbaum et al. (2009)
have further suggested that the expected value computa-
tion in the OFC may serve as a teaching signal through
back projections onto areas such as striatumand amygdala,
and possibly also regions relevant for social perception
such as the superior temporal sulcus or fusiform gyrus to
enableupdating the salienceof entirenetworksbasedupon
expected stimulus value (Schoenbaum et al., 2009). The
contributionof theOFC tovaluationcomes fromcorrelation
approaches such as neuroimaging and single unit record-
ings (Kringelbach and Rolls, 2004; O’Doherty et al., 2007).
However, the association between OFC and valuation also
derives from a number of lesion studies in rodents, nonhu-
man primates, and humans (Bechara et al., 1994; Rudebeck
and Murray, 2008; Simmons et al., 2010), which indicatetive Neuroscience 1 (2011) 233–245
that the medial region of the OFC is not only involved, but
necessary for valuation to occur in some circumstances.
Nevertheless, the rodent work must be treated somewhat
cautiously in its application to primates, as there is consid-
erable controversy over the degree of homology between
rodent and primate OFC.
Whereas the OFC interacts with cortical and limbic
structures to generate and update the value of a stim-
ulus, the vlPFC appears to be more involved in ﬂexible
behavioral engagement. The vlPFC is thought to be a region
where highly processed visual information from the ven-
tral visual stream integrateswithmotivational signiﬁcance
from the midline OFC to generate an action pattern which
is then sent to premotor and motor cortex (Sakagami and
Pan, 2007). Thus, while a key function of the OFC is inte-
gration and expectation, a key function of the vlPFC is
integration and output. Motor output can include behav-
iors from whole body approach or avoidance to directing
attention toward or away from a particular stimulus (Lee
and Siegle, 2009; Leitmanet al., 2010;Okamoto et al., 2009)
to inhibiting or overriding behavioral tendencies toward
stimuli, particularly when those tendencies have an emo-
tional characteristic (Dillon and Pizzagalli, 2007; Garavan
et al., 2006).
The vlPFC is also thought to play an important role
in acquiring and retrieving rules for behavioral responses
under different contingencies (Bunge, 2004; Donohue
et al., 2008). This rule learning function may be depen-
dent on interconnections with dorsal regions of prefrontal
cortex in conjunction with value computations of OFC
(Sakagami and Pan, 2007). Integrating behavioral output
under different contingencies may also occur in vlPFC
because integrative processing occurs across a longer delay
period than many other regions (Sakagami and Pan, 2007;
Simmons et al., 2010). Such a prolonged period for themat-
uration of integration of different contingencies may be
necessary for complex learning functions like set switching
or contextual modulation. As with the valuation literature,
our understanding of the functional attributes of vlPFC in
humans has largely been informed by neuroimaging and
other correlational approaches. However, several recent
lesion studies in nonhuman primates and humans have
begun to dissociate the functions of ventrolateral and ven-
tromedial cortex along similar lines (Gozzi et al., 2009;
Rygula et al., 2010; Simmons et al., 2010).
5. How development progresses in VPFC
5.1. Synaptogenesis and pruning
Developmental neuroanatomical studies have shown
that the maturation of the PFC overall is a protracted pro-
cess, not reaching full maturity until the third decade of
life (Gogtay et al., 2004; O’Donnell et al., 2005). Detailed
morphometric studies have shown that synaptogenesis in
the PFC continues postnatally at least until toddlerhood in
humans (Huttenlocher and Dabholkar, 1997). This period
of new synapse formation is protracted in the PFC relative
to other brain regions. The initial process of synapse gen-
eration is then followed by a prolonged period of synapse
elimination, which continues beyond puberty and into late
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dolescence (Huttenlocher and Dabholkar, 1997). The pro-
ess of synapse elimination has been called pruning and
s thought to represent a process of developmental learn-
ng whereby neuronal connections that are utilized are
trengthened and those that are not needed are eliminated
Casey et al., 2000).
In the cortex, like synaptogenesis, the pruning process
s completed ﬁrst in primary sensory regions and last in
rontal and parietal regions (Huttenlocher and Dabholkar,
997). While relatively few studies have used human tis-
ue to examine synapse formation across development, the
esults of manymagnetic resonance imaging (MRI) studies
erformed in recent years reach the same general conclu-
ion that there is an increase in gray matter through early
o middle childhood followed by a decrease through late
dolescence or early adulthood, and in areas such as the
FC, this maturation process is not complete until mid-
le to late adolescence (Bramen et al., 2010; Casey et al.,
000; Giedd and Rapoport, 2010; Raznahan et al., 2010;
oga et al., 2006).
.2. Myelination
A second key neurodevelopmental process involves
yelination. Myelination is the process by which myelin,
he fatty insulation around axons, is added to neurons.
yelination speeds communication between cells and, like
ynaptogenesis, does not reach maturity until late ado-
escence or early adulthood (Giedd and Rapoport, 2010;
oga et al., 2006). In contrast to the inverted U-shape
f synapse creation and elimination across development,
yelination is generally thought to be a progressive and
inear process, and not subject to an initial overproduction
nd pruning-like process. Also, in contrast to synaptogene-
is, myelination does not have the same degree of regional
ariation in timing that synaptogenesis does (Giedd and
apoport, 2010), although there is some evidence that
rontal regions reach mature levels of myelination slightly
ater than other regions (Giedd and Rapoport, 2010;
uttenlocher and Dabholkar, 1997; Toga et al., 2006).
he myelination process may be particularly relevant for
unctions of the PFC because of the importance of net-
ork formation and the integration of multiple sources of
nformation (Stevens et al., 2009). Together, these stud-
es suggest that OFC and vlPFC undergo marked changes
t a structural level from early postnatal life through late
dolescence and possibly even into early adulthood.
.3. Gender differences in development
Recent studies have found important sex differences
n the maturation of the OFC and vlPFC that are directly
elated to puberty. These studies indicate that the gonadal
urge at puberty may represent an important develop-
ental period for the VPFC more generally (Bramen et al.,
010; Raznahan et al., 2010). Not only do the puberty ﬁnd-
ngsunderscore theprolongeddevelopmental natureof the
PFC, but they also suggest that rapid punctual changes
ayalsooccurasa functionof thepubertal surgeofgonadal
teroids and may relate to gender differences in behavior
Raznahan et al., 2010). Because puberty occurs much ear-tive Neuroscience 1 (2011) 233–245 237
lier in girls than boys, this may lead to gender differences
in VPFC maturation as it relates to social ﬂexibility. Indeed
Raznahanet al. (2010) found that cortical thinningoccurred
in the OFC and vlPFC in both genders, but this reached
maturity much sooner in girls than boys. The authors sug-
gest that this may be one reason for the adolescent male
predominanceof psychopathologies that indicate impaired
inhibitory control (i.e., aggression and risk-taking). In the
present context, this may also indicate that young ado-
lescent females are more likely to be facile at learning
new social rules (i.e., ﬂirting and peer alliance formation);
value updating (i.e., generating on-line or context speciﬁc
social expectations); and other social inhibitory controls
(i.e., inhibiting sexual engagement) than age-matched ado-
lescent males.
5.4. Asynchronous regional maturation?
Most of the studies of structural development to date
have reported on a relatively gross scale comparing cor-
tical to sub-cortical structures or frontal to parietal lobes,
for example (Giedd and Rapoport, 2010; Toga et al., 2006).
These results temper the ability to comment on patterns
of structural and functional development within more
localized sub-regions, such as the OFC and vlPFC. How-
ever, several developmental trends have been consistently
observed in cerebral development that may indicate dif-
ferent rates of development within these two regions. In
general, development progresses outwardly from midline
to lateral extents as well as from caudal to rostral (Stiles,
2008). Development also progresses along a phyloge-
netic course with evolutionarily older structures emerging
before newer ones (Konner, 2010; Gogtay et al., 2004).
These patterns suggest thatmidline OFC regionsmay reach
maturity earlier than themore lateral vlPFC regions and, in
particular, the phylogenetically older agranular and dys-
granular regions of caudal OFC may reach maturity earlier
than the more rostral and fully granular regions of OFC
(Price, 2007). Veriﬁcation of this proposition awaits more
detailed study, however.
6. Development of valuation
While a number of studies have found that the OFC
responds to salient social stimuli of both positive and neg-
ative valence (Kalin et al., 2007; Nitschke et al., 2004;
O’Doherty et al., 2003b; Winston et al., 2007), further
evidence of OFC involvement in valuation comes fromneu-
roimaging studies that report this region to be particularly
responsive in situations involving altruistic decisions or
charitable giving (Moll et al., 2006), competitive or co-
operative social decisions (Hampton et al., 2008; McCabe
et al., 2001; Phan et al., 2010; Sanfey et al., 2003), and
inequality aversion (Tricomi et al., 2010). Other work
focused on primate lesions has also indicated that OFC
lesions lead to impairments in social and emotional behav-
ior, including OFC damage that occurs early in life (Eslinger
et al., 1997). For example, a detailed analysis of the social
behavior of OFC-lesioned monkeys found that, following
the lesion, monkeys did not alter their social behavior in
a context or social partner speciﬁc manner. These results
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suggest that a compromised ability to adjust the value of a
social stimulus can produce a clear functional impairment
in social ﬂexibility. Interestingly, these monkeys also dis-
playedmore aggression overall in addition to their general
inﬂexible pattern of behavior (Machado and Bachevalier,
2006). A similar increase in aggressive behavior has also
been observed in rats following OFC lesions (Rudebeck and
Murray, 2008). It is possible that the increased aggres-
sion may be secondary to an inability to ﬂexibly modulate
behavior due to difﬁculty in generating an online update of
social value using cues such as facial expression or vocal
feedback (Machado and Bachevalier, 2006). This would
result in animalsﬁnding themselves inunpredictable social
situationswhere aggressionmaybe the only option in their
behavioral repertoire, if the real-time social information
updating process is impaired.
Relatively little is known about the neural develop-
ment of social valuation, particularly in humans. The
process of assigning value to a social stimulus is likely
present from a very early age, and indeed maternal stim-
uli have been found to induce OFC activity in infants
(Minagawa-Kawai et al., 2009). In a studymeasuring frontal
electroencephalogram activity, preschool-aged children
with relatively greater right frontal activity at rest showed
morewithdrawal behaviors after receiving an unappealing
toy (Forbes et al., 2006). Although this studydidnotdirectly
assayOFC functional activity in this context, it does provide
empirical support of the VPFC’s role more broadly deﬁned
in the relationship between assigning value to stimuli and
social responding early in life and in relation to individ-
ual neural differences. These social valuation processes are
likely to become increasingly complex with age as more
and more social and contextual information is integrated
into the valuation computation. Thus, as the OFC becomes
increasingly interconnected with cortical, thalamic, lim-
bic, and striatal structures across development, the amount
and type of information that informs the calculation of
stimulus value also increases dramatically and valuation
becomes more intricate and nuanced in how it inﬂuences
social behavior as a result.
One example of stimulus valuation can be found in both
behavioral and neuroimaging studies that have used the
temporal discounting task. Temporal discounting refers to
the difference in the value assigned to a stimulus that is
immediately available versus one that is available at some
future point. An immediately available reward is always
more valuable than one that is delayed, and the degree of
that difference is measured in temporal discounting tasks.
Neuroimaging work has shown that the OFC and stria-
tum interact with frontal dorsolateral and parietal circuits,
which are neural circuits involved in temporal assessment
while performing this task (McClure et al., 2007, 2004).
In a large behavioral study that examined the age-related
changes in temporal discounting processing, Steinberg and
colleagues found thatmature behavioral response patterns
(e.g., stronger orientation toward future versus immedi-
ate outcomes) did not emerge on this task until middle to
late adolescence (Steinberg et al., 2009). Findings from this
study suggested that, although children are able to under-
stand and perform the temporal discounting task, they do
not integrate all of the variables involved at a mature leveltive Neuroscience 1 (2011) 233–245
until much later in development. Similar maturational dif-
ferences are likely to occur with valuation performance in
other contexts, such as assigning value to a social stimulus.
In terms of social maturation, the valuation process is
also likely to become increasingly complex as development
progresses. In a recent study, activitywas found to co-occur
in ventral striatum and OFC when positive social feedback
was obtained from an individual that participants were
expecting to like them (Gunther Moor et al., 2010). This
suggests that positive social feedback may have been inte-
grated into the valuation process via the OFC. The result of
this integration appears to have been an overall increase
in value attributed to expected positive feedback via the
social neural circuitry drawing from both cortical and sub-
cortical networks. This pattern displayed a linear increase
from middle childhood through adolescence suggesting a
linear pattern of the development of social valuation. Inter-
estingly, social rejection feedback has not been associated
with signiﬁcant neural response within this circuit, a pat-
tern that we have also documented in a similar task (Guyer
et al., unpublished observations). This may indicate that, in
the context of computerized social evaluation tasks, pos-
itive social feedback may be more relevant than negative
social feedback for informing stimulus valuation, particu-
larly with increased age and maturation.
In early life, functional input of the relatively immature
OFC may be reﬂected in a less discriminate social response
pattern. However, as development progresses, the value of
different individuals becomes more varied and even con-
text or experience dependent (i.e., some individuals are
highly valued in some contexts, whereas other individ-
uals are highly valued in other contexts) (Barbu, 2003;
Furman and Buhrmester, 1992; Howes, 1990; Steinberg,
2005). Later in development, the functional input of the
OFC likely supports the integration of more abstract infor-
mation, such as goals and values in social contexts, into
the assessment of social stimulus value. Another devel-
opmentally sensitive aspect of social value assessment is
that the innate value of different classes of social stim-
uli likely changes across development. In other words, the
inherent value of a mother, a peer, or a member of the
opposite sex is different at different points in develop-
ment, probably at least in part because of programmed
changes within the limbic system that are additionally
guided by pubertal changes signaling the onset of sex-
ual maturity (Nelson et al., 2005). In Table 1, we provide
some illustrative examples of what valuationmay look like
at different developmental periods. Because the valuation
process within the OFC integrates this “bottom-up” limbic
information with cortical and other “top-down” informa-
tion, these innately ﬂuctuating limbic responses are likely
to have a large impact on the OFC-driven valuation as well.
7. Development of response inhibition
The vlPFC clearly plays an important role in inhibit-
ing prepotent cognitive, motor, and emotional responses
(Dillon and Pizzagalli, 2007; Garavan et al., 2006). From
a behavioral standpoint, this may be one of the earliest
attributes of the ventral prefrontal cortex to emerge as
the ability to inhibit a prepotent or motivated response
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Table 1
Cognitive and behavioral examples of valuation, inhibitory control, and rule use in different social contexts across development.
Early childhood Middle childhood Adolescence
Valuation
Family Mom is mad because she yelled;
dad is happy because he smiled
Dad will be more likely to help me
after dinner than before
She is in a good mood. Now I will
ask her for the car
Peer (same-sex) He is nice because he laughs I want to play with her because she
has an awesome toy
He will take me to lots of parties
because he is on the football team
Peer (opposite-sex) She is mean because she’s bossy He will be fun if other girls are
around
He may not be handsome, but he is
funny
Inhibitory control
Family Don’t hurt your sister Play quietly Don’t scream at your parents
Peer (same-sex) Don’t play with other kids’ toys Don’t be chicken Don’t let them know you like
stuffed animals
Peer (opposite-sex) Don’t push Don’t cry in front of them Don’t kiss her
Rule use
Family We can’t play in here Dad will buy me ice cream, but
mom won’t
Tease your brother and his friends,
but not when mom is around
Peer (same-sex) Share your toys Talk about sports; play word games The clothes you wear deﬁne your
oys don
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endency has been demonstrated in children as young as
our years of age (Davidson et al., 2006; Luna et al., 2001;
ischel et al., 1989, 2010). However, behavioral similar-
ty does not necessarily indicate functional isomorphism
Schlaggar et al., 2002), and inhibition may be associated
ith a different neuronal signature in young children than
n adults. Furthermore, a number of studies have shown
hat the ability to inhibit responses, as well as vlPFC activ-
ty elicited while individuals are engaged in an inhibitory
ask, continues to mature from late childhood through late
dolescence even when task difﬁculty is controlled (Geier
nd Luna, 2009; Luna et al., 2001; Rubia et al., 2006, 2007).
n addition, the ability to inhibit has been shown to become
ncreasingly willful and resistant to distraction through at
east middle adolescence (Davidson et al., 2006).
In the context of social ﬂexibility, children must engage
his function of vlPFC to inhibit tendencies in a number of
ocial situations. For example, many children experience
ome degree of fear when encountering new individuals,
nd children with a temperament of extreme behavioral
nhibition demonstrate this reaction to an even greater
xtent (Fox et al., 2005; Kagan et al., 1984), a temper-
ment which often evolves into clinical levels of social
nxiety. Therefore, in order to engage in social interaction
ith new people, these behavioral inhibitory tendencies
ust be overcome, presumably at least in part through
nhibitory control exerted by the vlPFC. Likewise, children
ho have aggressive tendencies when conﬂict emerges
n social interactions must learn to inhibit these behav-
oral response tendencies in order for social interaction to
rogress adaptively. Another important aspect of response
nhibition is the willful ability to direct attention toward
r away from a salient aspect of the environment. In pre-
ious studies of this phenomenon, we and others have
ound that adults are better able to engage the vlPFC
n tasks that required attention switching while viewing
motionally provocative faces. Under these task demands,
dolescents had greater activity in emotional circuits, par-
icularly while viewing these stimuli without any explicit
ttentional direction (Guyer et al., 2008b; Monk et al.,group
’t do girl things, and girls
boy things
To ﬂirt sit close, make eye contact,
and laugh
2003; Passarotti et al., 2009). We believe that these ﬁnd-
ings suggest an increasing ability to engage the vlPFC to
override basic emotional responding to salient social stim-
uli. The ability to willfully control attention is likely to
play a key role in social situations where an ultimate
goal conﬂicts with an otherwise overriding tendency. For
example, if an individual has to interact with someone
higher on the dominance hierarchy or with someone with
whom past interactions might bias behavior or atten-
tion away from the present interaction (e.g., in order to
obtain access to a desired party), the individual must
engage the vlPFC to inhibit the tendency to ﬂee or to focus
on the last ﬁght. Table 1 provides examples of response
inhibition changes across ages within different social con-
texts.
Eisenberg et al. (2009) have argued for a distinction
between effortful inhibition of orienting and engage-
ment, and a more reﬂexive inhibition of hyper-responsive
motoric and affective responding (e.g., driven by regions
such as the amygdala). While these two behavioral con-
trol systems likely overlap greatly both across individuals
and in theneuronalpatternsengaged, theeffortful subcom-
ponent may involve more lateral aspects and the reﬂexive
moremedial aspects ofVPFC. Eisenberghas argued that this
distinction may help distinguish between temperamen-
tal predisposition toward inhibition (e.g., high in effortful
control) and active internalizing disorders such as anxiety
(e.g., low in reﬂexive control), although both conditions are
likely to be associated with hyperactivity in sub-cortical
structures (e.g., the amygdala). Effortful control is thought
to be highly heritable and to emerge early in development,
although it may continue to mature until much later in life
(Eisenberg et al., 2009).
8. Development of ﬂexible rule useBunge and colleagues have shown that in complex cog-
nitive tasks, the vlPFC is engaged when individuals acquire
new rules for how behavior is governed and also when
the rules are held in working memory during task exe-
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cution. The vlPFC is not involved in the long term storage
of these rules, however (Souza et al., 2009). The capacity
of vlPFC to perform this function increases from middle
childhood through early adulthood (Crone et al., 2006).
We have found a similar pattern in a risk-taking task in
which stronger activation in vlPFC was observed in adults
than in children or adolescents when making risky deci-
sions (Eshel et al., 2007). Given the purported role of
vlPFC in rule use, we interpret this ﬁnding to indicate that
decision-making in adults may involve greater computa-
tion of available options than it does in children. Rubia
et al. (2006, 2007)havealso shownagradual linear increase
across both childhood and adolescence in set switching
tasks that likely involves the temporary storage of differ-
ent rules in vlPFC. Similar results have been obtained in
behavioral tasks where ﬂexible shifting is among the latest
executive functions to mature (Davidson et al., 2006).
The development of social rule use is also likely to
develop slowly and reach maturity in adolescence or early
adulthood.While the protracted development of this func-
tion is in part the result of physical maturation of the vlPFC
and its interconnections, it may also be protracted because
the rules needed for social interaction differ across peri-
ods of development, must be acquired with experience,
and vary by social context. For example, in early life, dif-
ferent rules may be needed for interacting with a sibling
than with a parent. Further, within a small social group
such as one’s family, the number of rule sets demanded is
likely minimal and become more routine as children age,
thus, requiring less engagement of vlPFC (Bunge, 2004). See
Table 1 for examples of social applications of rule use across
development.
As children become more independent and begin
interacting more with peers in contexts away from the
established family system, social rule use becomes a
more variable and novel process. For example, there are
explicit rules for playing different games, as well as many
socially imposed implicit rules regarding interactions with
members of same versus opposite sex. This appears par-
ticularly evident in later childhood and early adolescence
when there are further rules for how to interact with
members in different levels of the dominance hierar-
chy (Bell et al., 2009; Cikara et al., 2010; Marsh et al.,
2009). The rules change once again when children reach
sexual maturity and must learn how to interact with
same- and opposite-sex peers in the context of dating
and mating. In adolescence, there are often many differ-
ent cliques and peer subgroups to which one belongs.
Each peer group or clique likely has their own explicit
or implicit applicable rules of socialization that must be
learned and brought into working memory. Indeed, a
recent study found vlPFC activation when adults thought
about in-group versus out-group members (Cikara et al.,
2010). Therefore, the developmental process of vlPFC may
depend not only on physical maturation, but also on
socio-cultural experience. It may be that these different
socio-cultural experiences emerge at different points in
development precisely when they do because the reﬁne-
ment of the vlPFC’s role reaches a maturational peak
within a similar chronological age range in most individ-
uals. In other words, brain development may be drivingtive Neuroscience 1 (2011) 233–245
the expression of socio-cultural development to some
extent.
9. Sensitive periods for the development of social
ﬂexibility
One of the consequences of prolonged brain and social
development is that it provides substantial opportunity for
theenvironment to fundamentally alter the structureof the
nervous system as it is being built. In many ways, develop-
ment can be thought of as learning in slow motion (Fox
et al., 2010; Knudsen, 2004). Furthermore, in the develop-
ment of many neural systems, there appear to be sensitive
periods, where circuit formation is particularly affected
by experience or environmental input (Forbes and Dahl,
2010; Fox et al., 2010; Knudsen, 2004; Steinberg, 2005;
Tottenham and Sheridan, 2009). There are several stud-
ies that suggest sensitive periods in VPFC organization of
social behaviormay occur aswell. Anderson and colleagues
(Anderson et al., 1999) reported aﬁnding from two individ-
uals who received OFC lesions prior to 15 months of age.
These two individuals displayed patterns of aggressive and
uncooperative social behavior and marked difﬁculties in
moral reasoning that had not been observed in individuals
who received OFC lesions later in life. These ﬁndings sug-
gest that OFC activity early in life may play an important
role in learning and internalizing rules of social behavior. In
thepresent conceptualization, to the extent that lesions are
conﬁned to the medial and orbital regions in these studies,
the primary deﬁcit in OFC is likely in the ability to gen-
erate accurate expectations of value from social stimuli (or
consequences of social transgressions),which then leads to
difﬁculties in generatingmeaningful rules in vlPFC because
of degraded stimulus expectation information.
Emerging neuroimaging-based evidence indicates that
adolescence may also be a period in which neurodevel-
opment is sensitive to social experiences, or at least a
period duringwhich previously acquired organizationmay
be expressed (Brody et al., 2009; Guyer et al., 2009; Maheu
et al., 2010;Whittle et al., 2009; Yap et al., 2008). Andersen
et al. reported volumetric size reductions in speciﬁc brain
regionsare linked tovulnerability topsychosocial adversity
within speciﬁc periods across childhood and adolescence.
While limbic regions are most affected by adversity early
in life, the PFC in general appears to be particularly sensi-
tive to adverse experiences that occur during adolescence
(Andersen et al., 2008). Adverse events may also have
a cumulative effect speciﬁcally on VPFC development. A
recent study of neurobiological development in children
who were reared in an abusive environment reported vol-
ume reductions in VPFC that also related to decrements
in social functioning (Hanson et al., 2010). This suggests
that an adverse rearing environment may not foster opti-
mal VPFC maturation and one consequence of this may
be a decrement in social ﬂexibility and social functioning.
Interestingly, in another recent study in which behavioral
interaction between mothers and sons was observed and
related to structuralMRI analysis, theOFC in particularwas
found to be larger in adolescents whosemothers displayed
an emotionally negative interactive style (Whittle et al.,
2009), and greater VPFC volume has been found among
al Cogni
a
i
s
i
t
f
a
o
g
t
i
a
V
d
e
t
s
m
i
t
l
s
t
(
e
p
j
a
e
d
l
s
n
a
s
m
r
b
f
c
r
d
h
m
e
p
t
o
s
j
t
d
i
t
t
d
t
o
tE.E. Nelson, A.E. Guyer / Development
dolescents who, at age ﬁve, demonstrated extreme social
nhibitionduringplay taskswithnovel peers,whereby they
pent more time next to their mother and more time star-
ng at the peer (Hill et al., 2010). While it is not clear why
he directions of these effects differ in these studies, all
our indicate that VPFC regions (vlPFC and OFC) differ in
dolescents who had either adverse social environments
r expressed extreme social behavior early in life and sug-
est that VPFC development may be particularly sensitive
o social experience during development due to its role in
nternalizing ﬂexible control of social behavior.
Observations of changes in rodent social behavior are
lso consistent with a developmentally sensitive role for
PFC in social behavior. Interestingly, these behavioral
eﬁcits do not appear at the time of lesion, but rather
merge much later in development. For example, neona-
al lesions of OFC in rats result in an aberrant pattern of
ocial behavior in rats when they reach puberty. Normal
ale adult rats express different patterns of social behav-
or toward other male rats depending on their position in
he dominance hierarchy. However, rats who received OFC
esions early in life fail to show this moderation in their
ocial behavior after puberty and instead behave similarly
o all other males, regardless of their dominance position
Kolb et al., 2004). In addition, a recent study found that
arly life social experience can directly affect the com-
lexity of neurons within the OFC. For the rat, the typical
uvenile period is characterized by a great deal of rough
nd tumble play. Rats reared in a variety of social play
xperiences as juveniles had OFC neuronswith longer den-
rites and more arbors than did rats reared in conditions
acking in social variety (Bell et al., 2010). These ﬁndings
uggest that the OFC plays an important role in discrimi-
ating among different individuals and adjusting behavior
ccordingly. Importantly, these data suggest that early life
ocial experiences impact social behavior in mature ani-
als. Among humans, a recent study found that style of
ough and tumble play with fathers moderated aggressive
ehavior in young aggressive children. Play styles in which
athers exerted their dominance status resulted in signiﬁ-
ant overall reductions in aggressive behavior in children
elative to play styles in which the father did not display
ominance (Flanders et al., 2009). This suggests that, in
umans as in rats, play in childhood may be an important
eans of acquiring inhibitory skills and learning differ-
nt patterns of behavioral engagement via VPFC mediated
rocesses. It important again, however, to highlight that
here is considerable controversy surrounding the degree
f homology between rodent and primate OFC regions.
The ﬁndings described above regarding the inﬂuence of
ocial experience on neural complexity in rats suggest that
uvenile play may be an important means of OFC organiza-
ion during development, and that experiences occurring
uring this juvenile period may not be expressed behav-
orally until much later (Bell et al., 2010). Whether or not
his is truly a sensitive period awaits further experimenta-
ion, with speciﬁc focus on evaluating the effects of play at
ifferent periods in development. In general, while sensi-
iveperiodsof organizationmaybea fundamental property
f neural development (Fox et al., 2010; Knudsen, 2004),
his may be particularly difﬁcult to detect for VPFC-relatedtive Neuroscience 1 (2011) 233–245 241
processes for two reasons. First, the prolonged maturation
period of the PFC (20+ years in humans) makes it difﬁ-
cult to detect sensitive periods of organization; in the PFC,
this may be more like a sensitive epoch than a sensitive
period. Secondly, the very nature of the PFC is to integrate
with many other regions that are themselves undergoing
prolonged maturation. Accordingly, there may be many
sub-components of sensitivity. For example, organizing
dominance-related behavioral patterns may be sensitive
during the juvenile rough and play period, but principles
of courting-related behavioral patterns may not be sensi-
tive until after puberty. If there are sensitive periods for
the development of social behaviors, then itmaymean that
rules of engagement, inhibitory tendencies, or methods of
valuation calculations that are acquired at different points
in development are not absolute. Further, rules acquired
during earlier periods of social development may be more
easily learned and more resistant to extinction than rules
learned later, just as language is more easily acquired early
in life than later in life.
10. VPFC in the genesis of mood and anxiety
disorders in adolescence
While many of the basic roles of the VPFC in social ﬂex-
ibility have been established by the time of adolescence,
they continue to be reﬁned and altered by both changes
in cortical organization and changes in subcortical (e.g.,
bottom up) processes related to puberty (Forbes and Dahl,
2010; Gardner and Steinberg, 2005; Nelson et al., 2005).
The literature reviewed above informs our understanding
of how adolescents learn to competently and ﬂexibly navi-
gate social interactionswith peers. However, perturbations
in the process of developing social ﬂexibility may relate to
the emergence of some forms of psychopathology in ado-
lescence, such as social anxiety (La Greca and Harrison,
2005; Nelson et al., 2005; Pine et al., 2009).
Social anxiety is characterized by an impairing fear of
negative evaluation from others, including situations that
appear socially positive or at least neutral to individuals
without social anxiety (Guyer et al., 2008a; La Greca and
Stone, 1993; Rapee and Heimberg, 1997). Socially anxious
individuals show difﬁculty in assigning appropriate valu-
ations to social stimuli (e.g., fears of negative evaluation
from friends),mayhavedifﬁculty inhibiting emotional ten-
dencies, andmay not competently apply appropriate social
rules to changing environmental demands or contingen-
cies.
Findings fromwork on the neural underpinnings of cog-
nitive ﬂexibility and regulation suggest that the VPFC is
engaged during events of potential social evaluation. In
these situations, the VPFC may facilitate reframing of the
situation and adjusting affect and goal-related behavior
accordingly through a combined process of inhibiting ten-
dencies and selecting appropriate responses (Badre and
Wagner, 2006;Ochsner et al., 2004; Phan et al., 2005; Souza
et al., 2009). For example, in a study of anticipated social
evaluation, adolescentswith clinical social anxiety showed
positive co-activation of the amygdala and the left vlPFC
while anticipating evaluation speciﬁcally from low- versus
high-desirability peers (Guyer et al., 2008a). This suggests
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that, among socially anxious adolescents, vlPFC activity
coupled with amygdala activity may reﬂect attentional
processes directed to the need for inhibiting or regulating
one’s response to another individual who poses a subjec-
tively experienced potential threat.
Of further relevance is research from two separate stud-
ies of adolescents with generalized anxiety disorder that
found increased right vlPFC activation in anxious relative
to control subjects when viewing angry faces (Maslowsky
et al., 2010;Monk et al., 2006). In an initial study, the sever-
ity of anxiety amongpatientswas inversely related to vlPFC
activation and positively associated with amygdala activ-
ity (Monk et al., 2006). This pattern of results suggests that
the detection of a threat engages both fear-related circuitry
instantiated in theamygdala and inhibitoryorother regula-
tory circuitry within vlPFC. One possibility is that the VLPC
moderates amygdala response either directly by inhibiting
(possibly via OFC) or indirectly by engaging other response
patterns that reduce fear-related activity in the amygdala.
Furthermore, the degree to which vlPFCmay subsequently
modulate behavior appears to be reﬂected in the symptom
proﬁle. In another example, adolescent anxiety patients
showed increased vlPFC activation to threatening faces
after receiving either cognitive-behavioral or psychophar-
macological treatment (Maslowsky et al., 2010). Again,
vlPFC response in anxious adolescents may facilitate sig-
naling to other brain regions that correlate with anxiety,
such as the amygdala or OFC, during social threat pro-
cessing in order to maintain representation of task-related
goals in the presence of salient social-emotional feed-
back. These patterns suggest a compensatory mechanism
through engagement of the vlPFC in adolescent anxiety.
While these studies have found a consistent pattern of
vlPFC activity in combination with amygdala hyperactiva-
tion in anxious adolescents, the exact role of the vlPFC is not
clear, particularly in relation to the amygdala, and awaits
further study.
11. Summary and conclusion
Our goal in this review was to address questions about
the involvement of speciﬁc PFC regions in supporting ﬂex-
ible control of behavior within the VPFC. This is can be
viewed as a general function with application to a num-
ber of different behavioral domains. However, our purpose
herewas to focus on social development anddelineate how
this pattern of ﬂexibility via neuralmaturationmight affect
social behavior across development.
The ﬁndings reviewed above indicate that the VPFC
plays an important role in ﬂexible social behavior, and
like other VPFC-related processes, undergoes a prolonged
period ofmaturation.Webelieve that three speciﬁc aspects
of social ﬂexibility are governed by the VPFC – valua-
tion, inhibition, and generation and usage of behavioral
rules. At a functional level, all three of these processes
have been shown to display developmental changes from
early childhood through adolescence and even into early
adulthood. We believe the present framework will help
to clarify the functional capabilities of individuals’ social
behavior as they mature. Furthermore, although sensitive
periodsofVPFCdevelopmenthavenotbeenclearlydemon-tive Neuroscience 1 (2011) 233–245
strated, several suggestive studies have been published.
Future studies of the VPFC should pay particular attention
to the speciﬁc processes that are being identiﬁed by indi-
vidual studies and to the developmental phase in which
individuals are in. Individual differences in the sensitivity
of VPFC functions and developmental trajectories of VPFC-
limbic interactions may relate to varied patterns of social
behavior present across development.
We believe that it is important to focus on social behav-
ior in relation to the VPFC in part because of the prolonged
maturation period of this region. In particular, adolescence
is a highly salient time frame in which the VPFC undergoes
protracted maturation and functional reﬁnement. Adoles-
cence also involves a period of tremendous social change. It
is possible that this extended period of VPFC development
is designed as such in order to accommodate the nuanced
and complex types of social exchanges that adolescents
encounter as they become sexuallymature and prepare for
adult roles.
Much of what we have proposed here is based on
inferential reasoning derived from combining studies of
cognitive neuroscience, cognitive development, and social
behavior. Critical next steps in this areawill involve studies
that test hypotheses proposed in this review for scien-
tiﬁc veriﬁcation and revisions to the ideas proposed here.
The results of such studies will help to integrate mech-
anism into theories of social development and to guide
and constrain future theories of the neurobiology of social
development.
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